Since a high yield stability is a major breeding goal, this in turn would help exploiting sorghum genetic diversity for crop breeding programs and allow marker-assisted selection to select sorghum suitable for specific environments (Malosetti et al., 2004; Boer et al., 2007 and El-Soda et al., 2014) .
Yield is a highly quantitative and complex trait and several studies mapped quantitative traits loci (QTL) associated with yield and its components (Rami et al., 1998; Brown et al., 2006; Srinivas et al., 2009; El Mannai et al., 2012; Rajkumar et al., 2013; Liu et al., 2014 and Boyles et al., 2017) . Observing the allelic effect of each significant QTL facilitates mapping main effect QTL, i.e. the same allele can have equal effects on the same trait in two environments/seasons. On the contrary, a QTL can have unequal effects, i.e. being expressed strongly in one environment/ season but weakly in another environment/season. Additionally, a QTL can have a conditional neutrality effect, i.e. the QTL shows an effect on a trait in one environment/season but has no effect on the same trait in another environment/ season. Finally, a QTL might have a antagonistic pleiotropic effect, which means that the same allele increase one yield component trait while it has a negative effect on another yield component (Malosetti et al., 2007 and El-Soda et al., 2014) .
In the present study, we focused on investigating the genetic components underlying sorghum yield and its components. To achieve this goal, we grew140 recombinant inbred lines (RIL) genotyped with 120 DArT and SSR markers over two growing seasons in Sohag, Egypt.
Materials and Methods

Plant material and experimental setup
A recombinant inbred lines (RILs) population comprising 140F 4 RILs (Phuong et al., 2018) was used for the experiments. The population was derived from a cross between a high yielding parent (HYP) with superior grain quality and a drought tolerant parent (DTP) with intermediate yielding abilities. From the F 1 , 140 RILs were advanced to F 4 by selfing and genotyped with 120 polymorghic markers, i.e. 112 DArTs and 8 SSRs markers, distributed over 14 linkage groups (LGs) that correspond to the 10 chromosomes (Phuong et al., 2018) .
Two field experiments using the two parents and 140 RILs were carried out at the Experimental Farm of the Faculty of Agriculture, Sohag University, Egypt, in the two consecutive growing seasons 2015/16 and 2016/17. The experiments were designed in a randomized complete block design with two replications. The experimental plot consisted of two rows with two meters in length and 20cm between rows. Plants were individually spaced at 10cm within each row. At harvesting, 10 plants from each experimental plot were randomly chosen. Heading date (HD) for each RIL was measured as number of days from sowing date until 50% of each plot was blooming. Hundred kernel weight (HKW), kernels number (KN), harvest index (HI), biological yield (Bio) and yield (YLD) were scored for each genotype.
Statistical and QTL analysis
Two-way ANOVA was performed with the Statistical Analysis System SAS (SAS Institute, ver. 9.2 2002) using a general linear model to check for genotype, season and GxS interaction effects. Broad-sense heritability was calculated for each trait as the ratio between the genetic variance Vg, i.e. the variance between the averages of all lines and the total phenotypic variance Vt, where Vt= Vg + the environmental variance,Ve, i.e. the variance between replications of all lines. For QTL mapping, multiple QTL model (MQM) was applied using the statistical program R (version 3.4.1)following the procedure of Joosen et al. (2012) .After removing outliers using Z transformation (Z-score>3), abasic linear model was fitted on the data from both seasons separately followed by acombined mapping to map the interaction between genotypes and seasons. LOD scores were calculated by taking the -log P values and based on 1000 permutations for the combined mapping of both seasons. LOD 2.5 was set as the significance threshold, however, QTL with thresholds lower than 2.5 are indicated as putative QTL in case they collocate with significant QTL for the same traits. Effects were calculated for all traits per year.
Results
RIL phenotyping
Mean trait values of the parental lines high yielding parent and drought tolerant parent and the 140 RILs are shown in Table 1 . High yielding parent had higher values than drought tolerant parent for all measured traits in the two growing seasons. The RIL population showed transgressive segregation beyond both parents for all traits over the two growing seasons. Heritability ranged between 0.63 to 0.97. ANOVA showed significant differences between RILs for all traits. In case of the seasons, all traits except HI showed significant differences between both seasons. ANOVA showed significant GxS interaction for all traits except KN and HI. Average values of the 140 RILs in both seasons were compared using the revised least significant differences (RLSD) (Gomez & Gomez, 1984) and data is available as supplementary file (S1).
The correlation analysis (Table 2) revealed positive significant correlations between the same traits; HKW, KN, BIO and YLD comparing both growing seasons. HD was always significantly negatively correlated with the rest of traits in both seasons. The other five traits were significantly positively correlated with each other. Only HI and Bio were not correlated in the two growing seasons. -Correlations between traits are statistically significant at the 0.05 (*) and 0.01 (**) probability level.
QTL mapping
Total of 13 showed significant QTL were mapped for HD, HKW, KN, HI and YLD (Table  3 and Fig. 1 ). Four QTL, i.e. KW1, HI1, YLD2 and YLD5, mapped on LGs 3, 2a, 4 and 9a, respectively, showed conditional neutrality since they were significant only in the second season. Three main effects QTL, i.e HD1, HD2, HI2 were mapped to LGs 2a and 6 as they showed same effects in both growing seasons.
Total of 5 significant epistatic interactions between significant markers were observed for KN in the first and YLD in the second growing seasons (Fig. 2) . In case of KN, the epistasis was observed between spbn-6724 on LG-2 and spbn-3738 on LG-6. For YLD, two epistatic interactions were observed between spbn-0854 and both of spbn-7660 on LG-6 and spbn-6414 on LG-9a. An additional epistasis was observed between spbn-6855 on LG-5 and spbn-6414 on LG-9a. Egypt. J. Agron. 40, No.3 (2018) MAPPING QUANTITATIVE TRAIT LOCI ASSOCIATED WITH YIELD AND ITS RELATED ... 
Discussion
Observing the performance of both parents in both growing seasons, i.e. in 2015/16 and in 2016/17, under natural field conditions showed that the high yielding parent gave higher hundred kernels weight, kernels number and yield than the drought tolerant parent. In case of HD which is negatively correlated with HKW, KN and YLD, the DTP was earlier than the HYP. These observations are similar to their performance in the normal watering regime under greenhouse conditions (Phuong et al., 2018) .
Results
showed significant positive correlations between the same traits; HKW, KN, BIO and YLD comparing both growing seasons. This correlation was reflected in mapping several main effect quantitative trait loci (QTL) associated with most of the traits. For example, HD1 and HD2 were mapped in both growing seasons to the top of LG 2a and LG 6, respectively. Three additional QTL, i.e. KW2, HI and YLD4, with positive effect from the HYP allele, were mapped in both growing seasons to the top of LG 6 colocating with HD2, with positive allelic effect from the early parent DTP. This co-location suggests favorable pleiotropic effects between HD and its three negatively correlated traits KW, KN and YLD, where selecting for early heading RILs with long grain filling period would increase KW, KN and the total yield. In general, it is very crucial to consider favorable as well as antagonistic pleiotropic effects while selecting for the desirable QTL during marker-assisted breeding programs. This is because selecting for the desirable allele underlying the desirable QTL for one trait might imply negative effects on other traits, in case of the antagonistic pleiotropic effects (Rose, 1982 and Juenger, 2013) . Altogether, our observations mean that selecting for high yielding RILs with high KW would indirectly select for early heading RILs, three desirable traits, which is similar to the earlier observations in the same population (Phuong et al., 2018) . Quantitative trait loci (QTL) for yield and its related traits on LG 6 co-locates with four QTL associated with yield and its component (Reddy et al., 2014) .
The co-localization hotspot on top of LG 6 represents a putative regulatory QTL involved in maintaining general sorghum vigor under field conditions. Earlier studies reported that the same region to have pleiotropic effects as it was underlying ergot resistance (Parh et al., 2008) , drought tolerance (Phuong et al., 2018) , low temperature condition (Bekele et al., 2014) , early seedling vigor (Rajkumar et al., 2013) and sugar related traits (Murray et al., 2008 and Shiringani et al., 2010) . In addition, a QTL cluster associated with several agronomictraits under contrasting photoperiod conditions was also mapped to Chr-6 using a sequencing-based mapping approach (Zou et al., 2012) . Altogether, these results make the locus on top of LG 6 an interesting focus for studies on selection and fitness during sorghum evolution and may indicate a general role of this locus in sorghum growth and development under various environmental conditions.
Comparing our results with previously mapped QTL revealed co-location between HD1, SN1, and YLD3 with QTL mapped previously for the same traits in the same population (Phuong et al., 2018) . However, the two QTL YLD1 and YLD2 were not mapped in the same study (Phuong et al., 2018 ) that used the same population. Both QTL might be associated with YLD measured in the field. The YLD3 QTL was mapped in a region carrying QTL for number of primary branches per panicle, a trait related to final yield, on SBI-05 (Reddy et al., 2014) . To our knowledge, the two QTL associated with HI were not reported before.
ANOVA results showed significant GxS for KW and YLD which was reflected by significant QTLxS interactions. For example, conditional neutrality in case of KW1, YLD2 and YLD5. Results observed epistasis-by-season interactionsas the marker sPbn-7660 associated with YLD4 on LG 6, showed an epistatic interaction with the marker sPbn-0854 associated with YLD2 on LG 4 in case of the YLD measured in the second season. Additional epistasis observed in the second season only was observed between sPbn-0854, associated with YLD and sPbn-6414, associated with YLD5; an observation that might explain the conditional neutrality observed for YLD2 and YLD5.
In total, we mapped 13 significant QTL associated with the measured traits to understanding crop productivity under field conditions which is very crucial to meet the increasing human population. Mapping QTL underlying favorable responses as well as main effect QTL facilitates selecting the associated markers in the breeding programs. The current work presents the first step towards identifying genes underlying yield and its related traits.
